T hyroid hormone plays a critical role in determining energy expenditure, body mass, and body composition, which becomes evident in overt thyroid dysfunction (1) . However, when thyroid status varies within and just outside the reference range (high or low), the effects on body weight and metabolic function are less clear (2) (3) (4) (5) (6) (7) . In the absence of consensus, many patients with weight concerns and mild TSH elevations have been treated with levothyroxine (LT4). Also, the LT4 doses have often been further increased in patients with hypothyroidism to treat unwanted weight gain or complaints of altered body composition.
To address this issue, we recruited subjects with primary hypothyroidism receiving replacement doses of LT4, who underwent extensive testing of energy expenditure, dietary intake, and body composition. We then adjusted their LT4 doses in a blinded fashion over 6 months to achieve one of three TSH ranges (low-normal, high-normal, or mildly elevated) and repeated the tests. We hypothesized that lowering the LT4 doses to increase the TSH levels in these ranges would adversely affect energy expenditure and body composition.
Experimental Subjects
A total of 197 subjects with hypothyroidism receiving LT4 monotherapy were recruited from our clinics through a review of the electronic health records and by flyers. All the patients had had hypothyroidism diagnosed as adults and had had elevated TSH levels in the past. The LT4 doses had been stable for $3 months. None had acute or chronic illnesses or were taking medications that could affect the thyroid hormone levels, mood, or cognition. Stable doses of an oral contraceptive or estrogen therapy were allowed. Testing was performed during the first 14 days after onset of menstrual bleeding or an oral contraceptive cycle in the premenopausal women.
Materials and Methods
The Oregon Health & Science University (OHSU) institutional review board approved the protocol, and all the subjects provided written informed consent.
Screening visit
The subjects were screened for general health, medication use, thyroid status, and mood or cognitive disorders using history taking, physical examination, and laboratory tests.
Run-in visits
The subjects taking branded LT4 with normal screening TSH levels proceeded directly to the baseline visit. Those subjects with abnormal screening TSH levels or who had been taking generic LT4 were prescribed branded LT4 and underwent run-in visits every 6 weeks with LT4 dose adjustments until the doses were stable with normal TSH levels for 3 months.
Baseline visit
Within 6 weeks of the screening or final run-in visit, the subjects returned for a baseline visit. The subjects were required to be fasting and to have refrained from taking their LT4 dose that morning. Serum TSH, free T4 (fT4), and free T3 (fT3) levels were obtained. The following measurements were performed.
Anthropometric measurements
Weight was measured using a digital scale (Model 5002; Scale-Tronix, Wheaton, IL) to the nearest 0.01 kg. Height was measured without shoes using a wall-mounted stadiometer (Harpenden Stadiometer; Holtain, Crymych, UK).
Total energy expenditure measured using doubly labeled water
The subjects consumed water enriched with stable isotopes for hydrogen ( 2 H; Sigma Aldrich, St. Louis, MO) and oxygen ( 18 O; Cambridge Isotope Laboratories, Andover, MA). Owing to limitations in the availability of doubly labeled water, only 65 subjects could complete the total energy expenditure (TEE) measurements. Each subject drank a premixed dose of water that provided 1.7 g of 2 H 2 18 O/kg body weight. Spot urine samples were collected before the dose, at 2, 3, and 4 hours, and at 7 days after the dose. TEE was calculated from the 2 H/ 1 H ratio in hydrogen gas and 18 O/ 16 O ratio in carbon dioxide gas using standard techniques (Europa 20/20 isotope ratio mass spectrometer; Dale Schoeller, PhD, University of Wisconsin, Madison, WI) (8, 9) . The within-subject coefficient of variation (CV) was 0.2% for 2 H 2 18 O and 2% for 2 H 2 O. The TEE intrasubject variation was 7.8%.
Resting energy expenditure measured using indirect calorimetry
Indirect calorimetry was performed at 21.1°C after the participant had fasted for 12 hours and abstained from substantial physical activity for 24 hours using standard techniques (VMax Encore 29N Indirect Calorimeter; SensorMedics Viasys Health Care, Yorba Linda, CA). Expired air was sampled and analyzed for the volume of oxygen consumed and the volume of carbon dioxide produced each minute for 30 minutes. Resting energy expenditure (REE) was calculated using the modified Weir equation, and macronutrient oxidation was estimated using the equations of Jequier and 24-hour urine nitrogen measurements (10) .
Thermic effect of food
The thermic effect of food (TEF) was determined using indirect calorimetry immediately after the REE had been measured (11) . Owing to limitations in subject availability for these 6-hour visits, 80 subjects completed the TEF measurements. Each participant consumed a standard liquid meal (Ensure; Ross Laboratories, Columbus, OH). The caloric content was 14% protein, 31.5% fat, and 54.5% carbohydrate and provided calories equivalent to 35% of the individual's REE. The postprandial energy expenditure was measured for 15 minutes every 30 minutes for 6 hours using the procedure described for REE. The 6-hour area under the curve was calculated using the trapezoidal method. The result was multiplied by 3.5, a constant representing the typical consumption of three meals and one snack daily, to estimate the total 24-hour TEF.
Body composition measured using dual energy X-ray absorptiometry Body composition was measured using dual energy X-ray absorptiometry (Hologic QDR Discovery A Densitometer; Hologic, Bedford, MA) following standard procedures. Visceral adipose tissue was estimated using the Hologic Horizon DXA System software by a single, trained operator (12) .
Dietary intake
Three 24-hour food recall interviews were conducted by telephone within 1 week of the testing visit by bionutritionists trained in the Nutrition Data System for Research, a software application for the collection of dietary recall information in a standardized fashion (13) .
Physical activity measured using accelerometry
The subjects wore a small multidirectional accelerometer (Actical; MiniMitter, Bend, OR) at the waist for 7 consecutive days within 2 weeks of the testing visit, except during sleep. The data were converted into energy expended and accumulated time during sedentary and light, moderate, and vigorous activities using standard analyses.
Randomization
Immediately after the baseline visit, the subjects were randomized to one of three arms: Low-normal TSH (0.34 to 2.50 mU/L), high-normal TSH (2.51 to 5.60 mU/L), or mildly elevated TSH (5.61 to 12.0 mU/L). These were determined from the OHSU TSH assay reference range, with debate regarding restricting the upper limit to 2.50 mU/L to conform to a Gaussian distribution (14) and our intention to restrict elevated TSH levels to the subclinical hypothyroid range. Randomization was stratified by whether the subject's baseline TSH was low-normal or high-normal (,2.5 mU/L or .2.5 mU/L).
LT4 dosing
With consideration of the baseline TSH levels, the dispensing physician (K.G.S.) initially determined whether subjects should continue taking their usual LT4 dose or receive a different dose to achieve the assigned target TSH ranges. If a different dose was indicated, the subject's usual dose was altered by 25 to 50 mg, depending on the difference between the initial and target TSH levels. The primary investigator (M.H.S.), research assistants, and subjects were unaware of the treatment assignment and LT4 doses. The OHSU research pharmacy dispensed 6-week supplies of LT4 pills in opaque gel capsules to maintain blinding.
LT4 dose adjustments
At 6, 12, and 18 weeks, the subjects returned for brief interim visits. The primary investigator assessed the clinical effects and determined whether the subject could comfortably continue the study. The subjects were asked to keep a daily diary of when they took their pills, which was revised at each visit, and compliance was encouraged at each review. The TSH levels from these visits were reviewed by the dispensing physician (K.G.S.), who adjusted the LT4 doses if the interim TSH level was not in the target range. The LT4 doses were adjusted by 12.5 to 50 mg, depending on the difference between the interim and target TSH levels, and the research pharmacy dispensed new 6-week supplies. Additional interim visits were allowed if the TSH level was not in the target range at 18 weeks. Once the TSH was in the target range, no further interim visits were scheduled, and the subject proceeded to the end-of-study visit.
End-of-study visit
Approximately 6 weeks after the final interim visit, the baseline measurements were repeated. At this visit, the TSH, fT4, and fT3 levels were measured, and this TSH level was subsequently used to assign subjects to the actual end-of-study TSH arms for the purposes of data analysis (details provided in the Statistical analysis section). The subjects were then returned to their usual LT4 dose or the dose that had led to better TSH control during the study in accordance with subject preference.
Statistical analysis
TSH was measured using immunochemiluminometric assay (Beckman Coulter; functional sensitivity, 0.02 mU/L; normal range, 0.34 to 5.60 mU/L; interassay CV, 5% at 0.70 mU/L). fT4 was measured using direct equilibrium dialysis (Quest Diagnostics; sensitivity, 0.08 ng/dL; normal range, 0.8 to 2.7 ng/dL; interassay CV, 6.8% at 0.3 ng/dL and 1.6% at 3.8 ng/dL). fT3 was measured using tracer dialysis (Quest Diagnostics; sensitivity, 25 pg/dL; normal range, 210 to 440 pg/dL; interassay CV, 4%). The TSH levels were measured at the time of testing, with stable assay characteristics during the study. The fT4 and fT3 levels were batched and analyzed at the end of the study. All samples were run in duplicate.
Differences among treatment arms were analyzed using multiple linear regression models adjusted for age, sex/estrogen status, baseline TSH (low-normal vs high-normal), SD of TSH values at the interim and last visits, baseline LT4 dose (mg/kg), duration of LT4 (years), duration taking the LT4 dose (years), and baseline value of the outcome variable. Incorporating the baseline values of each outcome allowed each subject to serve as their own control. The TEF models were also adjusted for the end-of-study lean body mass (LBM; kg), percentage of fat, and meal size. A Tukey post hoc multiple comparison procedure was used to determine which arms had statistically significant differences and adjust the P values of the pairwise arm comparisons for multiple testing. Because not all outcomes were independent, eight groups of related measures were created, and Bonferroni and false discovery rate (FDR) multiple testing adjustments were applied to all the related individual Tukey adjusted P values comparing the three arms within a group. The groups were TEE, REE, TEF, physical activity energy expenditure (PAEE), physical activity measures, substrate oxidation, body composition, and diet. The Bonferroni adjustment controlled for the familywise type I error rate or the probability of at least one false rejection of a null hypothesis for all tests within a group. The FDR is less conservative because it controls for the proportion of incorrect false-positive results among just the rejected null hypotheses within a group of tests. Analyses were conducted as intention-to-treat and by the actual TSH arm the subjects had achieved at the end of the study. We also examined relationships between the outcomes and TSH, fT4, or fT3 using the same regression analyses but substituting in the separate models the selected hormone for the categorical arms variable. All analyses were conducted in R, version 3.3.2 (R Foundation, Vienna, Austria) (15) .
Results

Demographic, clinical, and thyroid status parameters
A flowchart of the study design and subject enrollment is provided in Fig. 1 . Of the 197 subjects initially screened, 24 were excluded because of abnormal laboratory test results (low-density lipoprotein .160 mg/dL, n = 11; glucose .120 mg/dL, n = 2; elevated serum calcium, n = 1), abnormal electrocardiographic findings (n = 3), TSH out of range (n = 5), or medical issues (n = 2). Of the 173 included subjects, 50 were taking branded LT4 and had normal screening TSH levels and proceeded directly to the baseline visit. The remaining 123 subjects were taking generic LT4 and/or had had abnormal screening TSH levels and proceeded to the run-in phase. Of the 173 subjects, 151 completed the baseline visit and 22 withdrew during the run-in phase (personal issues, n = 17; started taking other medications, n = 2; started a weight loss diet, n = 1; or medical issues, n = 2). Also, 13 subjects withdrew before the final visit (personal issues, n = 5; medical issues, n = 6; pregnancy, n = 1; or started weight loss diet, n = 1). Of these 13 subjects, seven withdrew before the 6-week interim visit, four before the 12-week interim visit, and two before the 18-week interim visit. The subjects who had been excluded or had withdrawn from the study were not different from the study population in demographic or clinical attributes.
A total of 138 subjects completed the study (125 women and 13 men). The age range was 27 to 70 years. They were receiving LT4 therapy for primary hypothyroidism (n = 112), hypothyroidism after iodine-131 therapy for Graves disease (n = 17), postpartum thyroiditis leading to permanent hypothyroidism (n = 3), or after thyroid surgery (n = 6). The mean duration of LT4 use was 12 years (range, 5 months to 50 years). The mean duration of the current LT4 dose was 1.6 years. The baseline neurocognitive and metabolic data from these subjects and the neurocognitive results from the intervention have been previously reported (16) (17) (18) .
During the run-in phase, 92 subjects (67%) switched from generic to branded LT4, and 36 (26%) required an LT4 dose adjustment. The proportion of subjects requiring a run-in or dose adjustment did not differ among the three arms (P = 0.50). At baseline, 87 subjects (63%) had lownormal TSH and 51 (37%) had high-normal TSH levels. Nineteen subjects (14%) did not require LT4 dose adjustments at the interim visits after the initial randomization, and 119 (86%) required one to five additional dose adjustments (mean 2.1). Seventy subjects (51%) were within the target TSH range at the 6-week interim visit, 81 (59%) were within the target range at the 12-week interim visit, and 83 (60%) were within the target range at the 18-week interim visit. During the interim visits, 40 subjects who had achieved the target TSH level had at least one subsequent interim TSH level outside their target range (11 in arm 1, 15 in arm 2, 14 in arm 3). Forty-five subjects (33%) had not achieved their intended target TSH range at the end of the study (17%, 64%, and 16% in the low-normal, highnormal, and mildly elevated TSH arms). It was especially difficult for the subjects in the high-normal TSH arm, because small changes in the TSH levels near the lower or upper cutoffs of this arm moved the subjects into one of the other two arms. Therefore, we conducted two separate analyses, one as an intention-to-treat by randomized arm and one using the actual TSH levels at the end-of-study visit. The results are presented for the intention-to-treat analysis, followed by the actual end-of-study arm analysis. The intention-to-treat analysis results showed that the subjects in the three arms did not differ in age, sex, estrogen status, ethnicity, body weight, or duration of the current LT4 dose ( Table 1 ). The duration of LT4 treatment was longer in the high-normal TSH arm (P , 0.001). The mean LT4 doses at the end of the study were progressively lower in the three arms (1.50 6 0.07, 1.32 6 0.07, and 0.78 6 0.08 mg/kg/d; P , 0.001), and the mean TSH levels were progressively greater (1.85 6 0.25, 3.93 6 0.38, and 9.49 6 0.80 mU/L; P , 0.001). The mean fT4 levels were lower in the mildly elevated TSH arm (1.79 6 0.06, 1.64 6 0.07, and 1.34 6 0.05 ng/dL; P , 0.001), and the mean fT3 levels were not significantly different statistically among the three arms (201.4 6 6.0, 191.1 6 6.2, and 184.1 6 6.6 pg/dL; P = 0.15). Of the 138 subjects, 72 (52%) had low baseline fT3 levels (range, 118 to 209 pg/dL). At the end of the study, 28 subjects in the low-normal TSH arm (61%), 34 in the high-normal TSH arm (72%), and 34 in the mildly elevated TSH arm (76%) had low fT3 levels (range, 82 to 209 pg/dL).
Body composition and energy expenditure by intention-to-treat analysis
At the end of the study, no differences were found among the three arms in TEE, REE, oxidation rates, TEF variables, or body composition (Table 2) , including total and visceral fat. Analyzing TSH, fT4, and fT3 as continuous variables (Table 3 ; Fig. 2 ), the REE/LBM correlated directly with increases in fT4 levels (P = 0.01) and correlated inversely with increases in TSH levels (P = 0.001). For each increase in fT4 of 1 ng/dL during the study, the REE/LBM increased on average by 1.22 kcal/kg/d. For each increase in TSH of 1 mU/L, the Data presented as n, mean 6 SEM, or n (%); differences between arms were tested using analysis of variance, and follow-up post hoc Tukey multiple comparisons were used to determine which arms had statistically significant differences at the 5% level.
Abbreviations: Postnone, postmenopausal, no hormonal treatment; Poston, postmenopausal with hormonal treatment; Prenone, premenopausal, no hormonal treatment; Preon, premenopausal with hormonal treatment. a Values at baseline for each arm.
b Arm 1 vs arm 2.
c Arm 2 vs arm 3.
d Arm 1 vs arm 3.
e Change variables provided as differences between end of study and baseline, stratified by treatment arm.
doi: 10.1210/jc.2018-01203 https://academic.oup.com/jcemREE/LBM decreased on average by 0.15 kcal/kg/d. A trend was also seen for a direct correlation between REE/LBM and increases in fT3 levels, with an average 0.11 kcal/kg/d increase in REE/LBM for each 10 pg/dL increase in fT3. However, this difference was no longer statistically significant after Bonferroni or FDR correction (P = 0.03). REE correlated inversely with increases in TSH; however, this was only statistically significant using FDR and not Bonferroni correction (P = 0.03). Fat oxidation correlated inversely with increases in TSH (P = 0.004). Trends were found for direct correlations between LBM and increasing fT4 and fT3 and between LBM and increasing TSH. However, these were no longer statistically significant after Bonferroni or FDR correction (P = 0.02 to P = 0.03). Other trends that were no longer statistically significant after Bonferroni or FDR correction included direct correlations between TEE/LBM and increases in fT3 (P = 0.04) and inverse correlations between REE and increases in TSH (P = 0.03). No statistically significant correlations were found between the changes in TSH, fT4, or fT3 during the study and other measures.
Dietary intake and physical activity by intention-to-treat analysis At the end of the study, the daily moderate or vigorous PAEE was greater in arm 2 than in arm 1 (401 kcal/d vs 352 kcal/d; P = 0.002; Tables 4 and 5 ). Also, the percentage of daily time spent in moderate or vigorous activity was greater in arm 2 than in arms 1 and 3 (15.6% vs 12.9% or 12.2%, respectively; P = 0.001). Trends were found toward greater total daily PAEE, more time spent in moderate or vigorous activity, and less time spent in sedentary activities in arm 2, which were statistically significant after FDR but not after Bonferroni correction (P = 0.004 to P = 0.01). No other differences were found among the three arms in daily energy intake or physical activity outcomes. Analyzing TSH, fT4, and fT3 as continuous variables (Table 5) , we found no correlations between any thyroid hormone level and outcomes.
Analyses by actual TSH arm at end of study Using actual TSH arm at the end of the study, 57 subjects had TSH levels in the low-normal range, 28 in the highnormal range, and 53 in the mildly elevated range (Supplemental Table 1 ). The subjects did not differ in terms of any baseline demographic, clinical, or thyroid hormone variables. The mean LT4 doses at the end of the study were progressively lower in the three arms (1.52 6 0.06, 1.10 6 0.10, and 0.92 6 0.08 mg/kg/d; P , 0.001). The mean TSH levels were progressively higher (1.34 6 0.08, 3.74 6 0.12, and 9.74 6 0.63 mU/L; P , 0.001). The mean fT4 and fT3 levels were lower in the mildly elevated TSH arm (1.89 6 0.06, 1.44 6 0.08, and 1.35 6 0.04 ng/dL, P , 0.001; and 206.2 6 5.6, 196.0 6 7.7, and 175.2 6 5.4 pg/dL, P , 0.001, respectively). In the low-normal, high-normal, and mildly elevated TSH arms, 33 (72%), 19 (40%), and 44 (98%) subjects had low fT3 levels (range, 82 to 209 pg/dL), respectively.
Using the actual TSH arm at end of study, the LBM was 1 kg greater in arm 2 than in arm 1 after adjustment for covariates (P = 0.003). Trends toward a greater BMI in arm 2 were found (P = 0.03) and lower LBM, lower fat oxidation rates, and longer time to peak TEF in arm 3 (P = 0.01 to P = 0.03), which were not statistically significant after Bonferroni or FDR correction. No other differences were found among the three arms in the measures of energy expenditure, body composition, energy intake, or physical activity (Supplemental Tables 2 and 3 ).
Subjects' perceptions of LT4 dose
At the final study visit, the subjects were asked whether they thought their LT4 dose at the end of the study was greater, lower, or unchanged from the start of the study and which of the two doses they preferred. The subjects were not able to accurately ascertain the changes in their LT4 dose (P = 0.55). However, most preferred whichever LT4 dose they thought was greater (P , 0.001): 68% preferred the dose at the end of the study when they thought their dose had been increased during the study, and 96% preferred the dose at the beginning of the study when they thought their dose had been lowered during the study. These data have been previously reported (Supplemental Table 4 
) (18).
Effect size calculations
When the present study was designed, few data were available to guide the power calculations. We relied on unreported cross-sectional data from our previous studies, and the only reported interventional study of altering LT4 doses in subjects with hypothyroidism (19) . In the latter study, the REE decreased by 4% in nine subjects when their LT4 doses were decreased to achieve TSH changes in a range similar to what we had intended, which was statistically significant. Our calculations using these data indicated sufficient power to detect a similar change in REE/LBM, our primary outcome variable, with b Correlations (95% CI) were modeled using multiple linear regressions, with separate models for each hormone. Positive coefficients indicate the measure increased with increasing hormone levels and negative coefficients indicate the measure decreased with increasing hormone levels; the magnitude of the coefficient indicates the estimated change in the outcome for each 1-unit increase in the study change (end of study minus baseline) for fT4 or TSH and a 10-unit increase in the study change for fT3. c P values were adjusted for age, estrogen status, SD of TSH values at all but first visit, baseline LT4 dose, duration of LT4, duration of LT4 dose, baseline hormone value, change in hormone value, and baseline value of outcome. The TEF models were also adjusted for end-of-study LBM, fat percentage, and meal size. d P value was still statistically significant at 0.05 when applying multiple testing adjustments and grouping outcomes from the same test for the Bonferroni correction. e P value was still statistically significant at 0.05 level when applying multiple testing adjustments and grouping outcomes from the same test for the FDR correction.
f Statistically significant coefficient with corresponding P values; for each set of related outcome measures (TEE, REE, substrate oxidation, TEF, and body composition), multiple testing adjustments were applied to all the individually related P values (data not shown) from models adjusting for the same hormone type.
our sample size. Recognizing the limitations of this calculation, we also performed a post hoc effect size calculation for REE/LBM using our results. To achieve 80% power at a 5% level of significance, our study would have required 201 subjects to find a statistically significant difference between arms 1 and 3 and 1236 subjects to find a statistically significant difference between arms 1 and 2.
Discussion
In the present cohort of subjects treated with LT4, we found only limited evidence that altering the LT4 doses in a randomized, blinded fashion to achieve TSH levels in the low-normal, high-normal, or mildly elevated range affected metabolic function or body composition over 6 months. No consistent differences were found among the three TSH arms in energy expenditure, dietary intake, substrate oxidation, or body composition outcomes. However, using TSH, fT4, and fT3 as continuous measures, we found small, but statistically significant, correlations between increases in thyroid status in and near the reference range and increases in REE/LBM, suggesting that lowering LT4 doses might decrease REE. Despite this finding, the body weight and composition were not affected by altering the LT4 doses.
Unwanted weight gain is a common complaint among patients receiving LT4. If a screening TSH level is in the high normal or slightly elevated range, a diagnosis of subclinical hypothyroidism is often made. However, studies have found minor or no associations between body weight or BMI and subclinical hypothyroidism (2, 20) or have failed to demonstrate substantial effects of LT4 treatment on body weight (21) , suggesting that these small shifts in thyroid status do not contribute to weight gain. Beyond measuring body weight, little is known regarding the relationships between subclinical thyroid disease and energy expenditure or body composition. The largest observational study to date reported the body composition for 427 older adults with subclinical hypothyroidism and 2864 euthyroid individuals (2). Subclinical hypothyroidism was not associated with differences in weight, lean mass, fat mass, or the percentage of fat at baseline or after 6 years of follow-up. To date, only three small interventional studies have investigated these parameters in subjects with subclinical hypothyroidism (n = 30 to 55) (22) (23) (24) . LT4 treatment of #12 months in previously untreated patients did not affect REE, sleeping energy expenditure, or body composition.
Owing to the difficulties in recruiting subjects with de novo subclinical hypothyroidism for randomized, placebocontrolled studies, we adopted an alternate approach to investigating the effects on metabolic parameters by inducing subclinical hypothyroidism in subjects treated with LT4. To the best of our knowledge, our study is the largest and most comprehensive interventional study to date to investigate metabolic effects of variations in LT4 dosing in human subjects. Our results were largely negative, similar to the results of the summarized studies. However, in a secondary analysis, we found that increases in REE/LBM correlated directly with increases in fT4 and fT3 levels and inversely with increases in TSH levels across the achieved range of TSH levels when we altered the LT4 doses. The correlations were stronger for fT4 than for fT3; this implies that circulating fT4 levels are more relevant than fT3 levels, perhaps because fT4 serves as the circulating prohormone for tissue-specific intracellular conversion to T3. Our data suggest that REE is influenced by small differences in thyroid hormone levels, including in the subclinical hypothyroid range (lower REE). Supporting this idea, we have previously reported cross-sectional data from the present cohort, which showed a robust direct correlation between the baseline fT3 levels and REE/LBM (17) . One small reported study adopted a similar approach to our intervention, altering the LT4 doses at 6-to 8-week intervals in nine subjects with hypothyroidism (19) . Lowering the LT4 doses and increasing the TSH levels across a range of 0.12 to 11.0 mU/L led to a 4% decrease in REE/fat-free mass. This was a slightly greater change than the 2.2% difference in REE/LBM between arms 1 and 3 at the end of the present study, although within a similar range. The TSH range was broader in that study, and the study period was much shorter, which could also explain the greater difference. It is possible that with a longer period, compensatory mechanisms occur in those with subclinical hypothyroidism to mitigate decreases in energy expenditure.
Although we found direct correlations between increasing thyroid status and greater REE/LBM when we increased the LT4 doses, we did not find effects on body composition, except for trends toward reduced LBM. Compensations in non-REE metabolism (e.g., TEF, PAEE, and nonactivity thermogenesis) might maintain daily TEE, preventing weight loss or improvements in body composition, despite an increasing REE. Alternatively, the 6-month duration of our study might not have been long enough for effects on body weight or composition to become established. We did not find differences in TEE, TEF, or PAEE, except for a trend toward a direct correlation between fT3 and TEE/LBM. However, our sample size for the TEE and TEF measurements was limited, and we could have missed subtle compensatory changes. Finally, it is also possible that body adiposity could generate higher fT3 levels (25) , perhaps via insulin-stimulated deiodinase activity (26) or an expanded bile acid pool (27, 28) . In that case, changes in fT3 levels could be a consequence of, rather than a direct contributor to, body weight and composition. Thus, independently altering the fT3 levels might not have major effects on body composition. In any case, although our intervention increased fT4 levels and decreased TSH levels as expected across the three study arms, we only saw minor changes in serum fT3 levels. Taken together, these data argue against treating subclinical hypothyroidism to improve weight or body composition, regardless of the small effects we found in REE/LBM.
In addition to the controversy regarding treating mild hypothyroidism, debate has ensued in the thyroid field regarding the clinical relevance of variations in thyroid status within the TSH reference range (29, 30) . Some experts have argued that the upper limit of the TSH reference range should be lowered to 2.5 mU/L (14) . We addressed this question in arms 1 and 2 of the present study and found few differences in metabolic outcomes, with the exception of the correlations between thyroid hormone levels and the outcomes described across all three arms. The reported data regarding metabolic measures in subjects treated with LT4 are sparse. Some observational studies have reported minor correlations between reference range thyroid function in euthyroid subjects and weight or BMI (30, 31) . However, our recent cross-sectional study of the present LT4-treated cohort showed direct correlations between fT3 levels and REE/LBM, BMI, fat mass, and visceral fat mass (17) . Very few interventional studies on this issue have been reported. The study by al-Adsani et al. (19) found statistically significant short-term effects of altering thyroid status within the reference range on REE. However, three studies did not find effects on weight or body composition when euthyroid subjects were given LT4 to lower their TSH levels within the reference range (32) or subjects with hypothyroidism were given LT4 doses targeting a high-normal vs low-normal TSH (33, 34) . It is clear from our present study that varying the LT4 dosage within the TSH reference range does not affect weight or improve body composition in subjects with hypothyroidism; therefore, lowering the TSH levels to ,2.50 mU/L is unlikely to benefit these outcomes in patients with hypothyroidism.
A major strength of our study was the blinded nature of our intervention. When we queried our subjects, they could not accurately identify how or whether their LT4 dose had been altered and most preferred whichever dose they perceived to be the higher dose, confirming an intrinsic bias toward higher LT4 doses. Studies have indicated that self-knowledge of a thyroid disorder impairs well-being regardless of the TSH level (35, 36) , which could also have biased unblinded studies.
We found a high prevalence of low serum fT3 levels in our subjects at baseline, which has been previously reported [reviewed by Jonklaas et al. (37) ]. When we lowered the LT4 doses, we did find decreasing fT3 levels, confirming that some correlation exists between the LT4 dose and fT3 level. However, the fT3 levels were only 5% lower in arm 2 and 15% lower in arm 3 compared with that in arm 1 (actual arm achieved by subjects; Supplemental Table 1 ). This indicates that increasing LT4 doses for patients with hypothyroidism leads to only modest increases in fT3 levels, and many subjects will continue to have low fT3 levels despite TSH levels in the low-normal range. A number of randomized, controlled studies have replaced some of a hypothyroid subject's LT4 with liothyronine (LT3), but none found clinically important differences in weight (38) . One recent cross-over study did report that subjects with hypothyroidism lost an average of 1.5 kg after 6 weeks when LT3 had been completely substituted for their LT4 dose (39) , and a second study reported an average 1.2-kg weight loss after 16 weeks when desiccated thyroid extract was substituted (40) . Further studies are needed to investigate whether longer-term treatment with higher doses of LT4 or the addition of LT3 might improve body weight or composition.
Our study also had several limitations. Our original power calculations were based on limited reported data (19) , and our outcomes proved to be less affected by altered LT4 doses than reported in that study. We also performed an effect size calculation, which showed that large numbers of subjects would be needed to reach statistical significance, especially for comparisons within the TSH reference range. The small magnitude of our effects raises the question of whether clinically meaningful alterations would be found with a larger sample size, although small changes in energy expenditure could be clinically relevant if aggregated over a longer period than the 6-month duration of our study. We did not provide standardized meals before measuring the REE, which could have increased the variability of this measure. We were only able to perform TEE and TEF measurements for a subset of the subjects owing to isotope availability (TEE) and subject time constraints (TEF). This further limited our conclusions regarding those two outcomes. Thus, we regard our results as providing a foundation for further studies with larger numbers of participants treated to targets for longer periods. We did not include an untreated euthyroid control group; thus, we could not ascertain whether our subjects had decrements in metabolic function or body composition at baseline compared with the general population. However, we previously found slightly lower REE in subjects treated with LT4 with normal TSH levels compared with euthyroid control subjects, with no differences in other metabolic parameters or body composition (41) . We performed a large number of correlations, although we accounted for this in our analyses. It is possible that some of our minor findings resulted from chance. Most of our subjects were white women and were younger and slimmer than the U.S. population overall, limiting the generalizability of our findings to other groups, including men and those of other ethnic groups. The subjects less satisfied with their weight might have preferentially volunteered, introducing a selection bias. Our subjects were heterogeneous in terms of thyroid diagnosis and length of LT4 treatment. In particular, most of the subjects had primary hypothyroidism and probably had some degree of residual endogenous thyroid hormone production, which could have limited the effects. We limited our study to 6 months to optimize subject retention, recognizing that this would be sufficient time to observe changes in our energy expenditure outcomes but perhaps not for body com position. More subtle changes might require longer follow-up period to determine whether they are sustained and meaningful. Many of our subjects experienced variations in TSH levels at the interim visits and required LT4 dose adjustments, which we accounted for in our analysis. Because of this variation, a substantial number of subjects were not within their target TSH ranges at interim visits, and some subjects had subsequent TSH values outside their target ranges after first achieving their target TSH levels. Therefore, many subjects were exposed to their intended treatment arm for less than the 6-month duration of the study. We allowed for an additional interim visit for those subjects who had not reached their target TSH level at the 18-week visit, which improved the number of subjects achieving the target TSH levels but added variation to the study duration. One-third of our subjects had not achieved the target TSH level at the end of the study, especially in the highnormal TSH group. To address this, we conducted separate intention-to-treat and actual end-of-study analyses and analyses using changes in TSH and thyroid hormones as continuous variables. In addition, regardless of the ultimate TSH attained, the LT4 doses were altered in each arm consistent with the study design. Because patients often request changes in their LT4 dose regardless of their TSH levels, an interpretation of our results according to the LT4 dose adjustments is a valuable perspective for clinical practice. We attempted to collect blood samples at a consistent time of day; however, this was not always possible. In healthy subjects and subjects treated with LT4, the TSH levels decrease slightly between 7:00 and 9:00 AM and then remain stable until evening (42) .
In conclusion, we found few differences in metabolic function or body composition in subjects with hypothyroidism when the LT4 doses were altered in a randomized, blinded fashion over 6 months to achieve TSH levels in the low-normal, high-normal, or mildly elevated range. We did, however, find correlations between changes in thyroid status and REE/LBM and opposing trends in LBM. Although these relationships did not translate into statistically significant differences in body composition during 6 months of treatment, longer studies might be warranted. Because our study did not preselect subjects who might be more likely to respond to alterations in thyroid hormone therapy, future studies could focus on targeted populations, such as symptomatic subjects, subjects with low fT3 levels, or subjects with genetic polymorphisms that affect thyroid hormone metabolism or action [reviewed by Wiersinga Data presented as unadjusted mean 6 SEM.
Abbreviation: CHO, carbohydrate. a Dietary measures were available for all but 1 value in the mildly elevated arm; physical activity measures were available for all subjects but 1 in the lownormal, 1 in the high-normal, and 2 in the mildly elevated arms. b Multiple linear regression models were adjusted for age, estrogen status, baseline TSH (low-normal vs high-normal), SD of TSH values at all but the first visit, baseline LT4 dose, duration of LT4, duration of LT4 dose, and baseline value of outcome; P values were adjusted using Tukey multiple comparison procedure for pairwise comparisons between arms. For each set of related outcome measures (diet, PAEE, and physical activity measures), Bonferroni and FDR multiple testing adjustments were applied to all related individual Tukey-adjusted P values comparing the three arms (data not shown). c P value was still statistically significant at the 0.05 level when applying multiple testing adjustments and grouping outcomes from the same test together for the Bonferroni correction. d P value was still statistically significant at the 0.05 level when applying multiple testing adjustments and grouping outcomes from the same test together for the FDR correction.
(43)]. Until such time, however, the use of higher LT4 doses in the treatment of patients with hypothyroidism who report weight gain or in the hopes of inducing beneficial changes in body composition is not supported by our findings. 
